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ABSTRACT 
 
Pollution from the mining industry is a historic and global environmental issue. The 
remediation of resulting acid and heavy metal contamination from outdated mining 
practices is often costly and difficult.  Contamination at mine sites can result from acid 
mine drainage (AMD) and the disruption of underlying geologic formations, as well as 
improper disposal of mine tailings and other wastes. Phytoremediation, which is the use 
of plants to treat soil contamination, is an emerging method of reclaiming areas 
contaminated by toxic heavy metals and AMD. The ecosystem of Contrary Creek, a 
tributary of Lake Anna in Louisa County, Virginia, has been significantly affected by 
AMD from abandoned pyrite mining operations. Bioavailable and total recoverable metal 
concentrations, pH, and organic matter content were analyzed in soil samples from sites 
along the creek. Soil from two sites along Contrary Creek and an uncontaminated site 
was collected and used to grow two known hyperaccumulator plants, a grass, 
Chrysopogon zizanioides, and a fern, Pteris cretica. The plants were grown in controlled 
conditions similar to regional environmental characteristics and harvested after 21, 80, 
and 170 days. The shoots, roots, and soil were analyzed for metal concentrations. These 
results were compared with initial Day 1 concentrations to determine the ability of 
Chrysopogon zizanioides and Pteris cretica to hyperaccumulate metals from these 
Virginia AMD-contaminated soils. The Pteris fern and Chrysopogon grass accumulated 
significant concentrations of aluminum, arsenic, chromium, copper, iron, manganese, and 
lead after 170 days of growth. The concentrations of these metals in plant biomass were 
significantly higher than the concentrations in the bioavailable fraction of the soil by Day 
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170, indicating that both plants are hyperaccumulators of the metals present in the 
Contrary Creek soil and could serve as phytoremdiators at Contrary Creek. 
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1. INTRODUCTION 
1.1 Overview 
Soils are vital to nearly all terrestrial environments as well as to human societies 
because soils serve as the foundation for our food supply, support the majority of our 
infrastructure, and provide many ecosystem services. The biodiversity of an environment 
is often dependent on the soil type and quality (Wagg et al. 2014). Healthy soils contain 
essential materials for life such as water, organic matter, and nutrients such as nitrogen, 
phosphorous, and essential metals (Calzolari et al. 2015). The nutrients, metals, and other 
elements in soil are converted to a form which primary producers such as plants can 
uptake and use in biological processes. These plants are the base of most terrestrial food 
webs, emphasizing the importance of healthy soil to almost all living things.  
Clay and the organic matter found in soil are usually negatively charged, and these 
anions attract metal cations in the environment (Fernández et al. 2015; Mengel 2012). 
Soil composition naturally has some amount of metals, but human interference can 
elevate acidity and subsequently increase metal solubility, contaminating the soil with 
higher concentrations of metals (EPA 2013). Heavy metal contamination is characteristic 
of soils affected by acid mine drainage (AMD), which may occur when exposed sulfides 
in abandoned mining areas react with atmospheric oxygen and water in a rapid oxidation 
process, producing highly acidic conditions and increased metal solubility. As pH lowers, 
a shift occurs in the chemical speciation of metals from mostly negative dissolved 
organic carbon (DOC) metal complexes to mobile ionic forms such as Cu2+, Zn2+, and 
Pb2+. (Reddy et al. 1995). This mobility changes the relative distribution of metals in the 
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soil, potentially creating heavy metal contamination. Due to the mining industry’s 
extensive range and reputation for environmental damage, AMD is a growing global 
environmental concern (Pokhrel and Dubey 2013).  
A possible remediation tactic for AMD contaminated soil is the mass excavation of 
soil and subsequent disposal at another contained location. This method is costly, labor 
intensive, and extremely disruptive to the environment (Lasat 2000). Another possible 
tactic is adding a liming agent to the soil which increases the pH, decreasing the mobility 
of metals. The disadvantages of liming are that it requires ongoing applications and it 
would not remove metals already present in the soil (Gray et al. 2006). A low cost and 
low impact solution which could help restore environments affected by AMD is 
phytoremediation, which is the use of green plants, such as hyperaccumulator plants, to 
remove environmental contaminants (Wong 2003). Phytoremediation is ideal for 
contaminated sites that do not require immediate remediation. Using plants to filter 
metals from soil requires multiple growing seasons and harvests (Salido et al. 2003). 
Plants which have been shown to hyperaccumulate the bioavailable fraction of metals in 
contaminated soil include the grass Chrysopogon zizanioides and the fern Pteris cretica 
(Srivastava et al. 2004; Danh 2009).  
1.2 Objectives and Approach 
This research examines the phytoremediation potential of Chrysopogon zizanioides 
and Pteris cretica on AMD contaminated soils at an abandoned pyrite mine site along 
Contrary Creek in Louisa County, Virginia. The objectives of this research are (1) to 
study metal uptake by the Chrysopogon grass and Pteris fern, including a comparison of 
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the distribution of metal accumulation in the below ground and above ground plant 
biomass; and (2) to examine any changes in metal concentrations in the soil, including 
differentiation between the bioavailable fractions and total recoverable metal 
concentrations. The metals studied include aluminum, arsenic, chromium, copper, iron, 
manganese, and lead due to their association with AMD contamination at the Contrary 
Creek site and their potential toxicity to both plants and animals in high concentrations 
(Hinkle 1982). 
The AMD contamination at Contrary Creek is extensive and visible. The presence of 
sulfur produced from the oxidation of pyrite at Contrary Creek is obvious from the 
“rotten egg” smell at the site, and oxidized iron is clearly visible in the red and orange 
colors of the sediments and soils (Figure 1). Hydrologic processes also contribute to the 
contamination of soil and water at Contrary Creek through runoff and infiltration, as seen 
in Figure 2. Using quick-growing plants such as the Chrysopogon grass and Pteris fern 
could be beneficial in removing metals from soils along the creek to prevent further 
contamination from runoff and infiltration. 
The known hyperaccumulator plants, Chrysopogon zizanioides and Pteris cretica, 
were grown in a greenhouse using uncontaminated soil harvested off-site as well as 
contaminated soils from near the abandoned mine site. Greenhouse experiments allow for 
control over temperature, water input, predation, competition, and other external factors. 
This allows for a more accurate analysis of the studied effects on soils and plants. The 
degree and range of contamination at Contrary Creek has not been fully established, so 
no control soil was available near the creek. Instead soil with significantly lower metal 
concentrations was collected from a flat, undisturbed site on campus to serve as a control 
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for metal concentrations and soil acidity. Aluminum, arsenic, chromium, copper, iron, 
manganese, and lead content in the soils and plants were extracted into solution using an 
adapted EPA digestion method for total recoverable concentrations and an adapted AB-
DTPA extraction method for bioavailable concentrations. An inductively couple plasma-
atomic emission spectroscopy (ICP-AES) spectrometer was used to analyze metal 
concentrations in the solutions. Day 1 metal concentrations were then compared to the 
total and bioavailable metal concentrations of samples harvested at three stages of plant 
growth: three weeks, eleven weeks and twenty-two weeks. SPSS statistical software was 
used to analyze the results in order to evaluate the phytoremediation potential of the grass 
and fern on these contaminated soils. 
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Figure 1. Contamination at Contrary Creek pyrite mine site (2015) 
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Figure 2. Hydrologic processes at Contrary Creek pyrite mine site (Hinkle 1982) 
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1.3 Research Significance 
This research is significant because the mine site at Contrary Creek has been 
abandoned for over a century, and the surrounding soil and environment continue to be 
affected by high acidity and soil metal concentrations as shown by past research at this 
site (Wagner et al. 2015). The harsh environment at the former pyrite mine threatens local 
flora and fauna with metal poisoning and undue stress due to extreme acidity. 
The mining area at Contrary Creek is severely contaminated, but attempted 
remediation of the soil has been unsuccessful (Hinkle 1982). The fern and grass 
examined in this study could be used as part of a potential remediation technique to 
restore the soil and environment at Contrary Creek, as well as similarly contaminated 
locations. The Pteris fern should accumulate a higher concentration of metals in the 
shoots and the Chrysopogon grass accumulate metals in the roots based on past studies 
(Poynton et al. 2004, Datta et al. 2010). The fern is expected to accumulate high amounts 
of arsenic compared to other metals due to its high affinity for arsenic uptake. The 
Chrysopogon grass may show better growth over the Pteris fern due to the fern's 
preference for soils less acidic than Contrary Creek soil. The bioavailable metal 
concentrations should be less than the total metal concentrations in the soil, and any 
change in soil metal concentration is expected in the bioavailable fraction. The level of 
metal contamination in the Contrary Creek soil is so high that any change in the metal 
concentration of the soil due to these plants is expected to be undetectable with one 
planting. In the fern and grass biomass, there is expected to be higher levels of metal 
accumulation in the plants grown in Contrary Creek soils compared to the fern and grass 
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grown in the campus soil. This research contributes to the investigation of the use of 
Chrysopogon grasses and Pteris ferns for phytoremediation on contaminated soils. 
2. BACKGROUND 
2.1 Acid Mine Drainage 
Acid mine drainage (AMD) is a world-wide pollution issue which threatens 
ecological communities due to acidic conditions and environmental metal contamination 
which results from the acid mine drainage process. AMD occurs due to complex 
chemical reactions involving rocks, water, and atmospheric gases in underground mine 
shafts, mine waste dumps, tailings and ore stockpiles (Ramla 2015). Acid mine drainage 
is generated when mining activities expose sulfidic rock to water and oxygen, leading to 
the generation of sulfuric acid effluents rich in iron, aluminum, sulfates, and manganese 
with minor concentrations of zinc, copper, magnesium, calcium, and lead depending on 
the rock mineral content. 
Sulfur-rich minerals, such as pyrite (FeS2), are exposed to atmospheric oxygen 
(O2) and water (H2O), when unearthed during mining processes. The sulfides then 
undergo oxidation, losing electrons to form sulfates (SO4
2-), producing oxidized iron 
(Fe3+) and hydrogen ions (H+) (Ramla 2015). This generalized process can be seen in the 
following equations: 
4FeS2 + 15O2 + 2H2O → 4Fe3+ + 8SO42- + 4H+ 
Pyrite + Oxygen + Water → Iron + Sulfates + Hydrogen Ions 
Often at AMD sites, when ferrous iron-rich plumes re-oxidize at the surface of a creek, 
the precipitation of the mineral ferrihydrite ((Fe3+)2O3•0.5H2O) can be seen as a dark 
orange color in sediments, indicating concomitant acidity (Ramla 2015). The resulting 
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acidic conditions increase solubility of metals in the mine tailings, gangue minerals, and 
exposed rock, releasing into the surrounding environment an outflow of leachates 
containing metals such as lead, arsenic, cadmium, aluminum, iron, manganese and 
chromium (EPA 2013; Ramla 2015; Dold 2014; Woo et al. 2013).  
The spread of contamination from AMD is closely related to the rainfall-runoff 
process. Water is a reactant in the AMD process, so rainfall on mine tailings containing 
formerly subsurface minerals generates AMD soil contamination. Subsequent runoff and 
infiltration from the soil carries contamination into nearby streams (Pak et al. 2015). 
Some reactions in AMD-affected systems can reinforce each other, such as the reaction 
of alumino-silicates (e.g. feldspar) with AMD which releases Al3+, in turn increasing 
acidity by forming aluminum hydroxide and hydrogen ions, as seen by the following 
equations (Pope et al. 2010): 
KAlSi3O8(s) + 10H2O + 3Fe
3+ + 2SO4
2- → KFe3(SO4)2∙(OH)6(s) + 3H4SiO4 + 2H+ + Al3+ 
Al3+ + 3H2O → Al(OH)3(s) + 3H+ 
 The reactions between AMD and different rocks and minerals exemplify the 
complexity of sulfide mineral chemistry and the variability of AMD chemistry (Pope et 
al. 2010). Metal concentrations in soil affected by AMD are consistently high but can 
vary greatly due to the irregularities of source material composition. 
The chemistry of AMD is dependent on many factors, including influence from 
mineralogy and soil chemistry. It is important to understand the geology and mineralogy 
of the source material when studying AMD. Pyrite is considered a common accessory 
mineral in many sedimentary rocks (Feick 2015). The formation of pyrite is dependent on 
the availability of sulfate (SO4
2-) in combination with dissolved iron and organic material 
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during sediment burial (Woo et al. 2013). Sulfate-reducing bacteria produce pyrite 
crystals by metabolizing sulfates (SO4
2-) and surrounding organic matter in a water 
saturated anaerobic environment to produce hydrogen sulfide (H2S) (Queensland 2013). 
Hydrogen sulfide then reacts with surrounding iron (Fe2+) to produce pyrite (FeS2). The 
deposition of rock with pyrite forms the parent material of ore, mine dumps, and tailings, 
the sources of leaching and metal contamination (Woo et al. 2013). 
The metals made available by AMD can be toxic to plants and animals in high 
concentrations. Plants can take up metals from the bioavailable fraction of the soil, and 
these plants can be ingested by animals or humans, causing phytoxicity and dietary 
toxicity (Islam et al. 2007). The concentration of metals in the bioavailable fraction is 
affected by soil pH, organic matter content, and clay mineral properties. Metal 
concentrations in plant tissue are influenced by the concentrations of metals in the 
bioavailable fraction as well as the ability of the plant to transport and accumulate metals 
in its biomass (Islam et al. 2007). Heavy metal accumulation in soil and subsequently in 
plants is concerning because heavy metals enter the human body through both inhalation 
and ingestion (Islam et al. 2007). 
Aluminum is the most abundant metal but is most often found in igneous rocks as 
a mineral and rarely found free in nature. Ingestion and inhalation may increase the risk 
of cardiovascular disease and dementia (Peters et al. 2013). Aluminum is also toxic to 
plants, and is considered one of the most important factors preventing plant growth in 
acidic soils (Abedi et al. 2013). Mining of ore containing aluminum can release 
aluminum into the soil (ATSDR 2006). According to the Agency for Toxic Substances 
and Disease, a range of concentrations of aluminum in East Coast soils is 7,000 to 
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100,000 mg kg-1 (ATSDR 2006). Preliminary total aluminum concentrations measured 
during this study in the soil at Contrary Creek sites ranged from 7,700 to 9,000 mg kg-1. 
Arsenic is a known carcinogen and is considered one of the most notable toxic 
elements in the environment and is a metal commonly associated with AMD (Olson 
2014). According to the USGS, arsenic concentrations in eastern Virginia soil considered 
uncontaminated range from 0.1 to 4.0 mg kg-1 (Shacklette and Boerngen 1984). 
Preliminary total arsenic concentration measurements in the soil at Contrary Creek sites 
ranged from 20 to 50 mg kg-1. 
While Chromium (III) is an essential mineral to human health, Chromium (VI) is 
a known carcinogen, affects reproductive and developmental health, can burn skin, 
among various other negative health effects (EPA 2000). A range of chromium 
concentrations in Virginia soils was determined in a study from the Agency for Toxic 
Substances and Disease to be 4.9 to 71 mg kg-1 (ATSDR 2008). Preliminary total 
chromium concentrations in the soil at Contrary Creek sites ranged from 26 to 60 mgkg-1. 
Copper is also an essential mineral for human health, but in low quantities. High 
quantities of copper can cause liver and kidney damage or death (ATSDR 2015). 
According to the Agency for Toxic Substances and Disease, the average concentration of 
copper in the Earth’s crust is 50 mg kg-1 (ATSDR 2015). Preliminary total copper 
concentrations in the soil at Contrary Creek sites ranged from 125 to 290 mg kg-1. 
Iron is also an essential mineral necessary for good human health, especially in 
women. However, according to the U.S. Department of Health and Human Services, 
intakes of iron concentrations greater than 20 mg kg-1 can cause gastric upset, 
constipation, nausea, abdominal pain, vomiting, and faintness (ODS 2016). Between 
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1983 and 1991, a third of poisoning deaths among children were due to accidental 
ingestion of iron supplements (ODS 2016). Preliminary total iron concentrations in the 
soil at Contrary Creek sites ranged from 30,000 to 70,000 mg kg-1. 
Manganese is an essential mineral in human health in small doses. Excessive 
manganese intake can result in neurotoxicity, sperm damage, and respiratory irritation 
(ATSDR 2012). According to Agency for Toxic Substances and Disease, the background 
mean concentration of manganese in United States soils is 330 mg kg-1 (ATSDR 2012). 
Preliminary total manganese concentrations Contrary Creek sites ranged from 200 to 350 
mg kg-1. 
Lead is a common contaminant in AMD and can cause mental development 
delays in young children as well as high blood pressure and kidney problems in adults (de 
Vries et al. 2007; Sanborn et al. 2002). According to the United States Centers for 
Disease Control (CDC), Virginia soils considered uncontaminated contain lead 
concentrations less than 50 mg kg-1 (ATSDR 2007). Preliminary total lead concentration 
measurements in the soil at Contrary Creek sites have ranged from 300 to 800 mg kg-1, 
over six times the level considered uncontaminated by the CDC. 
When former mine sites are not properly and fully remediated, processes such as 
the AMD seen at Contrary Creek can create environmentally hazardous conditions due to 
extreme acidity and the release of excess toxic heavy metals. 
2.2 Contrary Creek 
From 1880-1923, pyrite (FeS2) was mined in deep shafts along Contrary Creek in 
Louisa County, Virginia. Pyrite is commonly known as fool’s gold but the companies at 
Contrary Creek mined pyrite as a source of sulfuric acid used in manufacturing processes. 
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In the 1920s, mining operations ceased and pyrite mining was abandoned, leaving the 
area disturbed and mine tailings discarded along the creek (Figure 4) (Hinkle 1982). 
Louisa County’s economic history is rich with mining history, exemplified by a local 
town name: Mineral, Virginia. There are at least three known pyrite mine sites along 
Contrary Creek, the Armenius mine, the Boyd Smith mine, and the Sulphur mine (Figure 
3, Figure 10). References to the mine site in this analysis refer to the Sulphur mine. The 
Sulphur mine was the largest mine and left in the worst condition (Carter 1976). The 
Sulphur mine site was divided into various work sites and massive mine tailings stood 
along the banks (Hinkle 1982). There were 8 timber lined shafts underground where 300 
employed miners worked at depths of 720 feet, reaching deep underground to sequestered 
minerals. Horizontal mining required tunneling to collect deposits which could extend for 
widths of 600 feet and reach 40 feet in height (Wilson 2009). The mine dumps, tailings, 
and environmental disturbance from mining operations are extensive, and there is no one 
point source of soil contamination. Widespread human interference as a result of mining 
in the area has resulted in contamination from AMD at Contrary Creek. According to 
Ramla (2015), the definition of AMD is "when sulphur-rich minerals from mining 
operations are exposed to air and water, and undergo oxidation…AMD occurs in 
underground mine shafts, mine waste dumps, tailings and ore stockpiles" (Ramla 2015). 
Since Contrary Creek has been disturbed by both mine waste dumps and relocation of 
tailings and ore stockpiles, the soil is now significantly affected by AMD. 
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Figure 3. Map of Sulphur mine site in relation to Contrary Creek and Lake Anna (Hinkle 
1982). 
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Fig. 10. Mines near Contrary Creek (USGS). 
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Figure 4. Mining waste along Contrary Creek (Carter 1976). 
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Since geologic formations are a key factor influencing the characteristics of AMD 
chemistry, it is important to understand the geochemistry of the Contrary Creek area. The 
geology of Louisa County is noteworthy due to the proximity to the fall line boundary 
between the Coastal Plain and the Piedmont Plateau. Soil in Virginia is characterized as 
organic-rich clay along the Coastal Plain, and the bedrock is identified as phyllites and 
slates in the Piedmont region (DMME 2012). There is a gold-pyrite mineral belt which 
runs from Fairfax County southwest through Louisa County and into central Buckingham 
County (Sweet 2007). These geologic characteristics contribute to the chemical 
characteristics of soil in the region. 
Although it is difficult to determine the exact geologic formations at a site, Louisa 
County is considered to be on the Piedmont Plateau, and the soil of the Lake Anna region 
consists of the Masada Wehadkee-Chewacla association (Carter 1976). The soils in this 
association range from well-drained to poorly drained, and the subsoil is predominantly 
clay or silty clay loam. This is consistent with the Piedmont Plateau characteristics as 
well as the stream terraces and flood plains which are present at Contrary Creek. These 
soils are typically moderately acidic, and along Contrary Creek the environment is 
considered a mine dump by the United States Department of Agriculture Soil 
Conservation Service soil survey. This means that there are uneven accumulations of 
waste rock from mining operations and associated pits. The gently sloping alluvium is 
extremely acidic, and the soils receive seepage from higher lying areas and are subject to 
erosion. Much of the original vegetation along Contrary Creek has been killed by AMD 
leachate from the abandoned mines (Carter 1976). 
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The soil and remaining vegetation is affected by acidification as well as metal 
contamination. Due to extremely acidic conditions and high metal concentrations, the 
environment at Contrary Creek is very harsh, and the biodiversity is severely limited 
(Kamptner et al. 2008). Metal concentrations in the soil at the mine site are distinctly 
higher than what is considered typical for the region. Virginia soils have been measured 
to contain total lead concentrations ranging from 4 to 116 mg kg-1 (Zaprjanova 2010). 
Total lead concentrations at the Sulphur mine site have been measured as high as 700 mg 
kg-1. Acidity at the mine site also indicates severe AMD. Most Virginia soils range from 
5.1 to 5.5 (Appleton et al. 2015). Mine site soil pH values measured in 2015 averaged 
4.08. Considering the pH scale is logarithmic, the mine site soil is much more acidic than 
typical Virginia soils. 
In the late 1970s remediation efforts were started by the Environmental Protection 
Agency (EPA) to address this contamination but were quickly abandoned due to lack of 
funding (Hinkle 1982). The remediation focused on mitigating erosion, run off, and water 
contamination using grading and smoothing, placing rip rap and diversion ditches along 
the creek, seeding, and adding sewage sludge as soil fertilizer (Kidder 2010). These 
efforts did not address the extensive metal contamination in the soil. There have been no 
further clean-up efforts since 1982 even though the contaminated creek flows into nearby 
Lake Anna, which is one of the most popular freshwater recreational lakes in Virginia 
(Kelly 2015). Soils at Contrary Creek are severely affected by AMD and have not been 
effectively remediated although the ecosystem is distressed. 
2.3 Phytoremediation and AMD 
 
 
19 
 
A possible soil remediation tactic is excavation, the mass collection of soil for 
disposal at another contained location. This method is costly, labor intensive, and 
extremely disruptive to the environment (Mahmoud and El-Kader 2013). Another 
possible tactic is adding a liming agent to the soil which would increase the pH, 
decreasing the mobility of metals, but liming would need to be continually repeated and 
would not remove metals already present in the soil (Zicheng et al. 2015). 
Phytoremediation is a low cost and low impact solution which could potentially help 
restore the Contrary Creek environment. Salido et al. (2003) describe phytoremediation 
as ideal for sites that do not require immediate remediation such as the site at Contrary 
Creek. Phytoremediation is the use of green plants, especially hyperaccumulator plants, 
to remove environmental contaminants (Wong 2003). A plant is considered a 
hyperaccumulator if the concentration of metals in the plant is higher than the metal 
concentration in the soil, which in a ratio is called an enrichment factor. 
Hyperaccumulator plants can accumulate up to 100 times more metal than non-
hyperaccumulating plants (Lasat 2000). In a South African case study using indigenous 
grasses in AMD soil remediation, results after 70 days of growth showed a maximum of 
99% iron removal, 80% sulfate removal, and a final soil pH of 8.5. The initial conditions 
of this contaminated soil had iron concentrations of 2,000 mg/l, 6,000 mg/l of sulfate, and 
a pH of 3 (Ramla 2015). This demonstrates phytoremediation can be effective in cleaning 
up the effects of AMD. 
Plants take up bio-available metals in the soil so it is important to study the 
bioavailable fraction of metals present in the soil. The plants transfer metal ions from the 
soil into root cells and then into the shoots (Figure 5), so it is also important to analyze 
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metal concentrations in the roots and shoots separately (Kastratovic et al. 2014, Lasat 
2000). Studies have shown that the Pteris fern will accumulate metals mostly in shoots 
and fronds while the Chrysopogon grass will accumulate metals mostly in its roots (Yang 
et al. 2003; Tongbin et al. 2002). This means that the entire grass plant may need to be 
harvested to remove significant amounts of metal from the soil, while only the shoots and 
fronds of the fern would need to be harvested. The physiology which allows 
hyperaccumulating plants to take up usually toxic amounts of metals varies depending on 
the metal and the plant. Possible explanations for the hyperaccumulator trait include a 
defense mechanism against predators, the inadvertent uptake of metals due to similarities 
in ionic charges to other essential nutrients, or a tolerance developed over time in 
response to high metal levels in the natural environment (Rascio and Navari-Izzo 2011; 
Verbruggen et al. 2009). 
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Figure 5. Translocation of metals from root cells to shoot cells (Lasat 2000) 
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The Chrysopogon grass and Pteris fern were chosen due to their established ability to 
take up metals such as arsenic and lead that appear in AMD contaminated soils and are 
present in high concentrations in the Contrary Creek soils (Srivastava et al. 2004; Dnah 
2009). These two plants are also commercially available and have been used in academic 
and professional studies of phytoremediation (Salido et al. 2003; Castorina 2015; Datta et 
al. 2010; Sharma and Adholeya 2011; Punamiya et al. 2010; Freitas et al. 2014; Jeong et 
al. 2015; Cho et al. 2009; Abercrombie et al. 2011; Sun et al. 2014). The Pteris fern is 
versatile, hardy, and mesophytic, can tolerate sunlight more than other ferns, and shows 
stimulated growth with higher soil arsenic concentrations, all factors which are preferable 
for a potential phytoremediator for the Contrary Creek mine site environment (Ma et al. 
2001). Since there has not been research on the effectiveness of the Pteris fern on metal 
accumulation in soils as acidic as the Sulphur mine site soils and the fern prefers more 
basic soil pH than at the site, the fern may be negatively affected by the acidity of the 
mine site soil. 
Although the fern and grass are not native to the Contrary Creek ecosystem there is 
little concern for these plants to propagate as invasive because Pteris ferns are considered 
non-invasive and are commonly used as ornamental plants in gardens (Pagad 2010). 
Chrysopogon grasses are not invasive when a particular infertile strain is used (Joy 2009). 
The grass is a promising phytoremediator for the mine site soil because it is fast-growing, 
requires low maintenance, tolerates extreme climatic conditions, and has been shown to 
increase soil pH (Abaga et al. 2014). Phytoremediation using the Pteris cretica ferns and 
Chrysopogon zizanioides grasses is potentially a viable option for effective remediation 
of AMD contamination in Contrary Creek mine site soil. 
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3. MATERIALS AND METHODS 
3.1 Field Methods 
The soils used in the pots for growing the Pteris fern and Chrysopogon grass were 
collected in labeled buckets at each of the sites, the mine site (M1), downstream site 
(DM1), and campus site (Figure 6). The soil collected at each site was a composite 
sample of the site, meaning multiple soil samples were taken at the site and then 
combined into a single homogenized sample. After the overlaying leaf litter was 
removed, spades and shovels were used to gather the top 0-10 centimeters of soil. Soil 
collection was confined to a zone five meters from and parallel to the creek at the M1 and 
DM1 because this is the creek bank area above the flood line (Fig 4). Areas of 
compaction, sloping, or depressions were avoided to ensure the samples were a fair 
representation of the site. 
Soil not affected by AMD was collected with the same method from a flat, 
relatively undisturbed forested site on the University of Mary Washington’s campus. This 
soil served as the control for plant metal uptake. The pH, organic matter content, and 
metal concentrations of the campus soil were analyzed to ensure the soil was not 
contaminated with the metals studied in this experiment or affected by acidification. 
 
 
 
 
 
 
 
 
24 
 
 
Figure 6. Relative locations of the mine site and downstream site. 
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3.2 Greenhouse Methods 
Once soil samples were collected, they were set to air dry for 24 hours on labeled 
aluminum foil trays. A 2mm sieve was used on the soils to remove larger rock or soil 
particles that were not suitable for these analyses. Color coordinated plastic pots were 
labeled with color coordinated tape to differentiate between soil type: M1 soil in green 
pots with blue tape, DM1 soil in red pots with green tape, and campus soil in pots with 
black stripes and orange tape. Approximately 750 grams of each soil type was massed 
into the respective pots in triplicate with one to two pots as alternates. Three soil pots had 
no plants (NP) to monitor if soil metal concentrations changed independently without the 
presence of plants. Osmocote fertilizer was added to the pots to initiate growth. 
Osmocote brand was used because it is a vegetable nutrient fertilizer which does not add 
metals to soil (Wilde et al. 2005). Each pot of soil was sampled on Day 1 to determine 
initial metal concentrations, acidity, and organic matter content. 
Chrysopogon zizanioides (Figure 7) seedlings were ordered from Agriflora 
Tropicals and shipped from a nursery in Puerto Rico. Pteris cretica plants (Figure 8) 
were ordered from Edenspace Systems Corporation and shipped from a nursery in Texas. 
Three plants were transplanted into each corresponding pot. On Day 1 plant samples were 
harvested to determine initial metal concentrations. Local rainwater was collected and 
used to water the fern, grass, and no plant pots, mimicking regional environmental 
conditions. The rainwater was analyzed to ensure all metal concentrations were below the 
detection limit, meaning the water would not add a significant amount of metals to the 
soil. A drip irrigation system was used to water the plants, releasing between 40-120 
mL/day depending on the amount of direct sunlight and subsequent evaporation. A 
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moisture meter and periodic pot weighing were used to ensure consistent soil moisture 
levels between pots. Pots were placed in five rows in the greenhouse using an Excel-
generated random placement plan. The placements were rotated every two weeks to 
mitigate experimental concerns such as edge effect. Greenhouse temperature, plant 
heights, and general health were recorded. 
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Figure 7. Chrysopogon zizanioides in DM1, Campus, and M1 soil
 
Figure 8. Pteris cretica in DM1, Campus, and M1 soil. 
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3.3 Laboratory Methods 
At each harvest, soils were sampled using a soil spatula to collect at least 15 
grams of soil from three places in each pot. One spatula scoop collected soil from the 
surface to the bottom of the pot which provided a more accurate representation of the soil 
in the pot. The soils were then spread out and air dried on aluminum tins for 24 hours.  
Organic matter content of the soil was analyzed using a loss on ignition (LOI) 
method as described by Nelson and Sommers (1996). Two grams of each soil were 
heated in crucibles to 105°C for 24 hours and weighed. Then the samples were again 
heated in crucibles at 400°C for 16 hours and re-weighed. Percent organic matter was 
calculated from the mass differences; the mass lost representing the amount of organic 
matter, is shown in the following formula: 
LOI % = 
Weight 105˚C−Weight400˚C
Weight 105˚C
 x 100 
 Acidity of the soil was measured by creating a 1:1 slurry of five grams of each 
air-dried soil sample and five milliliters (mL) of deionized (DI) water in a glass vial. The 
mixture sat for 10 minutes and then the pH was measured with a calibrated pH meter 
(Thomas 1996). 
Total recoverable concentrations of aluminum, arsenic, copper, iron, manganese, 
lead, and arsenic in soils were analyzed using EPA Method 3050B, an adapted total acid 
digestion procedure (Figure 9) (EPA 1996). One gram of soil was measured into a 
digestion vessel and the samples were procedurally digested on a HotBlock using nitric 
acid (HNO3), DI water, hydrogen peroxide (H2O2), and hydrochloric acid (HCl). The 
final solution was filtered through quantitative Whatman 42 paper into flasks and diluted 
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to a volume of 25 or 50 mL. The solution was analyzed with inductively coupled plasma 
atomic emission spectroscopy (ICP-AES) using a Thermo Scientific iCAP 6000 Series 
with CETAC ASX-520 Autosampler to determine total metal concentrations. 
Bioavailable metal concentrations in the soils were determined using an 
ammonium bicarbonate-diethylenetriaminepentaacetic (AB-DTPA) salt extraction 
method adapted from Soltanpour et al. (1996). The AB-DTPA solution was prepared by 
combining diethylene triamine pentaacetic acid (DTPA), ammonium hydroxide 
(NH4OH), and ammonium bicarbonate (NH4HCO3) in DI water as described by 
Soltanpour et al. (1996). An aliquot of 20 mL AB-DTPA was added to five grams of soil 
in centrifuge tubes. Samples were then placed on a shaker for 2 hours, centrifuged at 
3200 grams for 15 minutes, filtered into glass vials, refrigerated, and analyzed with ICP-
AES for metal concentrations in the extracted bioavailable fraction. 
  Entire plants were harvested by carefully removing one plant from each pot with 
a soil spatula at designated intervals (21 days, 80 days, and 170 days). Extra soil on the 
plants was shaken back into the pot, and the plants were washed with DI water, separated 
into roots and above ground plant mass, and laid out to air dry for 24 hours in a method 
adapted from Castorina (2015). Plant samples were then cut and placed in aluminum 
trays. These sample trays were dried in an oven at 72°C for 24 hours. Dried samples were 
cut into one centimeter pieces and ground in a crucible to start the breakdown of 
cellulose. One gram of each sample was weighed into digestion tubes, and the same 
adapted EPA acid digestion procedure described above was followed for these plant 
samples with subsequent ICP analysis. 
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Figure 9. EPA Method 3050 flow chart (EPA 1996). 
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3.4 Statistical Analysis 
SPSS Statistical Software was used to perform statistical analysis to determine if 
significant correlations exist between soil characteristics and metal uptake in the Pteris 
fern and Chrysopogon grass. Comparing metal accumulation over time is beneficial to 
this research because plants used for phytoremediation are fast growing and should 
accumulate significantly high concentrations of metal in their biomass in a reasonable 
amount of time. 
4. RESULTS 
4.1 Soil Characteristics  
4.1.1 pH 
The results of the analysis for average soil pH (Table 1) show that the initial soil 
pH for M1 soil was 4.08 ±0.03. The initial soil pH for DM1 soil was slightly higher at 
4.80 ±0.01. The initial soil pH for campus soil was closest to neutral at 6.06 ±0.05. The 
pH of the rainwater used for irrigation was 6.69 ±0.05. 
By Day 21, the pH of the M1 soil significantly decreased in all treatments (Figure 
11). The pH of the M1 soil with the fern treatment was 3.45 ±0.02. The M1 soil with the 
grass treatment was slightly more acidic with a pH of 3.36 ±0.02. The pH of the M1 soil 
with the no plant treatment was 3.38 ± 0.03 with no statistical difference compared to the 
plant treatments. The pH of DM1 soil decreased between Day 1 and Day 21 with all plant 
treatments. On Day 21, the pH of the DM1 fern treatment soil was 4.32 ±0.04. The pH of 
the DM1 grass treatment soil was not significantly different at 4.29 ±0.01. The pH of the 
DM1 no plant treatment soil was 4.37 ±0.04 with no statistical difference from the plant 
treatments. The pH of the campus soil on Day 21 significantly decreased from Day 1 with 
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all plant treatments. The pH of the campus soil with the fern treatment was 5.02 ±0.13. 
The pH of the campus soil with the grass treatment was not significantly different from 
the fern treatment, at 4.97 ±0.05. The pH of the campus soil with the no plant treatment 
was 5.06 ±0.01, not significantly different from the plant treatments (Figure 5). 
By Day 80, the pH of the M1 soil increased slightly from Day 21 with all plant 
treatments but remained below the initial pH. The pH of the M1 soil with the fern 
treatment was 3.63 ±0.09. The pH of the M1 soil with the grass treatment was 3.61 ±0.12, 
which was not significantly different from the M1 fern treatment soil. The pH of the M1 
soil with no plant treatment had increased to 3.45 ±0.03, slightly more acidic than the M1 
fern and grass treatments and the initial M1 pH value. The pH of the DM1 soil on Day 80 
did not change significantly from Day 21 values with all plant treatments and remained 
below initial values. The pH of the DM1 soil with the fern treatment was 4.33 ±0.06. The 
pH of the DM1 soil with the grass treatment was 4.36 ±0.18, which was not significantly 
different from the DM1 fern soil. The pH of the DM1 soil with the no plant treatment was 
4.36 ±0.03 which was not significantly different from the plant treatments. The pH of the 
campus soil on Day 80 did not change significantly in the fern or grass treatments but 
decreased slightly in the no plants treatment. The pH values for each treatment were still 
lower than initial values. The pH of the campus soil with the fern treatment was 4.65 
±0.30. The pH of the campus soil in with the grass treatment was 5.01 ±0.06, which was 
not significantly different from the campus fern treatment soil. The pH of the campus soil 
with the no plant treatment was 4.73 ±0.03 which is not significantly different from the 
fern treatment soil but more acidic than the grass treatment soil.  
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By Day 170, the pH of the M1 soil decreased from Day 80 and remained below 
initial pH values with all plant treatments but the standard deviation in the soil with plant 
treatments increased, indicative of a wider variation in pH values in the replicates for 
each treatment. The pH of the M1 soil with the fern treatment was 3.31 ±0.16. The pH of 
the M1 soil with the grass treatment was 3.15 ±0.32, which was not significantly different 
than the M1 fern treatment. The pH of the M1 soil with the no plant treatment was 3.12 
±0.02, which was not significantly different from the fern and grass treatments but had a 
much smaller standard deviation. The pH of the DM1 soil on Day 170 decreased with all 
plant treatments from Day 80 and the standard deviations for the plant treatments were 
larger than the standard deviation for the no plant treatment. The pH of the DM1 soil with 
the fern treatment was 3.90 ± 0.2. The pH of the DM1 soil with the grass treatment was 
3.82 ± 0.4, which was not significantly different than the DM1 fern treatment. The pH of 
the DM1 soil with no plant treatment was 3.92 ± 0.01, which was not significantly 
different from the fern and grass soils but had less variation with the replicates. The pH 
of the campus grass and no plant treatments on Day 170 decreased significantly from Day 
80 while the pH of the campus fern treatment did not change significantly from Day 80. 
There was no significant difference between the three treatments on Day 170 although 
the variation in the plant treatments increased while the variation in the no plant treatment 
did not. The pH of the campus soil with the fern treatment was 4.62 ± 0.5. The pH of the 
campus soil with the grass treatment was 4.29 ± 0.3. The pH of the campus soil with the 
no plant treatment was 4.24 ± 0.06. 
There was no significant difference in pH between the different plant treatments 
within each soil type at each harvest, although there were some differences between the 
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M1, DM1, and campus soils (Figure 11). The pH of the campus soil usually remained 
significantly higher than the M1 and DM1 soils except on Day 80 and Day 170, when the 
soil pH of both campus soil plant treatments was not significantly different from the pH 
of the DM1 soil plant treatments. The pH of the M1 soil was significantly lower than the 
campus and DM1 soils at each sampling time point. The soil pH for all treatments and 
soils decreased from initial values over 170 days. 
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Table 1. Average soil pH on Day 1, Day 21, Day 80, and Day 170 
Soil Plant 
Treatment 
pH Day 1 pH Day 21 pH Day 80 pH Day 170 
M1 Fern 4.08 ±0.03 3.45 ±0.02 3.63 ±0.09 3.31 ±0.16 
Grass 4.08 ±0.03 3.36 ±0.02 3.61 ±0.12 3.15 ±0.32 
No plants 4.08 ±0.03 3.38 ±0.03 3.45 ±0.03 3.21 ±0.02 
DM1 Fern 4.80 ±0.01 4.32 ±0.04 4.33 ±0.06 3.90 ± 0.2 
Grass 4.80 ±0.01 4.29 ±0.01 4.36 ±0.18 3.82 ± 0.4 
No plants 4.80 ±0.01 4.37 ±0.04 4.36 ±0.03 3.92 ± 0.01 
Campus Fern 6.06 ±0.05 5.02 ±0.13 4.65 ±0.30 4.62 ± 0.5 
Grass 6.06 ±0.05 4.97 ±0.05 5.01 ±0.06 4.29 ± 0.3 
No plants 6.06 ±0.05 5.06 ±0.01 4.73 ±0.03 4.24 ± 0.06 
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Figure 11. Average Soil pH over 170 Days 
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4.1.2 Soil Organic Matter Content 
 The results for average soil organic matter (SOM) content (Table 2) show that the 
initial percent SOM in M1 soil was very high at 23.1%. The initial SOM content of the 
DM1 soil was significantly lower at 9.30%. Initial SOM content of the campus soil was 
the lowest at 7.16%. 
 By Day 21, the SOM content of M1 and DM1 soils decreased while the SOM 
content in the campus soil increased. The SOM content of the M1 fern treatment at 21 
days was 11.2%, the SOM content of the M1 grass treatment was 10.8%, and the SOM 
content of the M1 no plant treatment was 10.8% with no significant difference between 
the three treatments. The SOM content of the DM1 fern, grass, and no plant treatments 
were 7.0%, 7.6%, and 6.7%, respectively. There was no significant difference between 
the three treatments. The campus fern, grass, and no plant treatments had SOM content of 
8.9%, 8.8%, and 9.2%, respectively, with no significant difference between the three 
treatments. 
 By Day 80, the SOM content for the M1 and DM1 treatments had not changed 
significantly from Day 21. The SOM content of the M1 fern, grass, and no plant 
treatments on Day 80 were 10.3%, 9.6%, and 9.9%, respectively, with no significant 
difference between the three treatments. The SOM content of the DM1 soil did not 
change significantly from Day 21. The SOM content of the campus fern treatment did not 
change while the campus soil with the grass and no plant treatments decreased 
significantly from Day 21. The SOM content of the M1 soil remained higher than the 
DM1 and campus soils regardless of treatment. 
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 After 170 days, the M1 soil SOM content of the fern and grass treatments did not 
change significantly from Day 80 while the no plant treatment decreased significantly 
(Figure 12). There was no significant difference between the treatments on Day 170. The 
M1 soil SOM content of the fern, grass, and no plant treatments were 9.3%, 9.8%, and 
9.3%, respectively. The DM1 soil SOM content of the fern and grass treatments did not 
change significantly from Day 80 while the no plant treatment SOM content decreased 
significantly. The grass treatment contained significantly more SOM than the no plant 
treatment. The campus soil SOM content did not change significantly from Day 21. The 
SOM content of the campus soil did not vary significantly between treatments. The SOM 
content of the M1 soil remained higher than the DM1 and campus soils regardless of 
treatment.    
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Table 2. Average Soil Organic Matter Content on Day 1, Day 21, Day 80 and Day 
170 (%) 
Soil Plant 
Treatment 
SOM % 
Day 1 
SOM % 
Day 21 
SOM % 
Day 80 
SOM % 
Day 170 
M1 Fern 23.1 ±0.06 11.2 ±2.3 10.3 ±2.0 9.3 ± 2 
Grass 23.1 ±0.06 10.8 ±1.4 9.61 ±0.7 9.8 ± 2 
No plants 23.1 ±0.06 10.8 ±0.5 9.86 ±0.1 9.3 ± 0.3 
DM1 Fern 9.30 ±0.3 6.95 ±0.3 6.25 ±0.3 5.8 ± 0.6 
Grass 9.30 ±0.3 7.61 ±0.3 7.21 ±0.3 6.5 ± 0.3 
No plants 9.30 ±0.3 6.68 ±0.5 6.14 ±0.2 5.6 ± 0.1 
Campus Fern 7.16 ±0.3 8.92 ±0.7 7.99 ±0.3 7.1 ± 0.5 
Grass 7.16 ±0.3 8.82 ±0.1 7.66 ±0.5 7.3 ± 0.3 
No plants 7.16 ±0.3 9.24 ±1.4 7.48 ±0.2 7.3 ± 0.3 
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Figure 12. Soil Organic Matter Content Over 170 Days 
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4.2 Soil Metal Concentrations 
4.2.1 Bioavailable Metal Concentration 
 M1 soil on Day 1 contained the highest concentrations of bioavailable aluminum, 
arsenic, chromium (Figure 15a), copper, iron, and lead (Table 3) but the lowest 
concentration of manganese (Figure 13). DM1 soil contained the highest concentration of 
bioavailable manganese, 79 mg kg-1. Bioavailable iron levels were measured as high as 
2077 mg kg-1 in the M1 soil, while the campus soil contained an average of 160 mg kg-1 
bioavailable iron. M1 soil also contained significantly more bioavailable arsenic, 1.1 mg 
kg-1, than the campus soil, 0.77 mg kg-1. 
 By Day 21, bioavailable metal concentrations of arsenic, chromium, and copper in 
the soil did not vary significantly among the plant treatments in each soil type (Table 4). 
Bioavailable iron concentrations in the soil did show variation; M1 no plant treatment 
contained significantly more bioavailable iron in the soil than the M1 fern treatment but 
did not vary significantly from the M1 grass treatment. The highest measured 
bioavailable iron concentration was in the M1 soil with no plant treatment, which 
contained 222 mg kg-1. The DM1 soil with the grass treatment contained less bioavailable 
iron compared to the DM1 soil with the fern treatment.  
Changes in the bioavailable manganese, lead, and aluminum concentrations were 
also observed at Day 21. The DM1 soil with no plant treatment contained less 
bioavailable manganese than the DM1 soil with the grass treatment but did not vary 
significantly from the DM1 soil with the fern treatment. The campus soil with the no 
plant treatment contained significantly less bioavailable manganese than the campus soil 
with both plant treatments. M1 soil with the no plant treatment contained significantly 
 
 
42 
 
more bioavailable lead than the M1 soil with both plant treatments. The DM1 soil with 
the grass treatment contained more bioavailable lead than the DM1 soil with the fern 
treatment, while the DM1 soil with the no plant treatment was not significantly different 
from either plant treatment. The highest measured bioavailable lead concentration, 100 
mg kg-1, was in the M1 soil with the no plant treatment. The amount of bioavailable 
aluminum in all soils and treatments decreased between Day 1 and Day 21 (Figure 9).  
 By Day 80, bioavailable concentrations of all metals increased in all soils and 
treatments from Day 21, but remained below Day 1 concentrations, with the exception of 
chromium in the campus soil, which increased above the detection limit on Day 80 
(Table 5). Bioavailable soil concentrations of aluminum, arsenic, chromium (Figure 15b), 
copper, and iron did not vary significantly with plant treatment, although the 
concentrations were significantly different between the M1, DM1, and campus soils. The 
trend for bioavailable lead, and chromium is shown in Figures 15b and c, where the 
concentration of bioavailable Cr and Pb in M1 is greater than DM1 which is greater than 
the campus soil. There is no clear trend for which soil contains the highest bioavailable 
aluminum. The M1 and campus soils contained more arsenic than the DM1 soil. The M1 
and DM1 soils contained more iron than the campus soil. The DM1 and campus soils 
contained more manganese than the M1 soil. The M1 soil with no plants contained 
significantly more bioavailable manganese and lead than the soil with the grass treatment 
but not significantly more than the fern treatment. The highest measured bioavailable iron 
concentration, 889 mg kg-1, was in the M1 grass treatment.  
 By Day 170, the bioavailable concentrations of all metals in the campus, DM1, 
and M1 soils decreased or did not change significantly from Day 80 concentrations with 
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the exception of chromium which significantly increased in all three soils (Table 6). In 
the M1 soil the concentration of bioavailable aluminum did not vary significantly from 
the Day 80 concentration while concentrations of bioavailable arsenic, chromium, and 
iron decreased significantly. The concentration of bioavailable copper in the soil with the 
no plant and grass treatments decreased from 46 mg kg-1 and 41 mg kg-1 on Day 80 to 37 
mg kg-1 and 33 mg kg-1 while the concentration of bioavailable copper in the M1 soil 
with the fern treatment did not change significantly. The concentration of bioavailable 
manganese in the M1 soil with the no plant treatment did not change significantly while 
the soil with the plant treatments decreased from Day 80. Bioavailable lead 
concentrations in the M1 soil with the plant treatments did not change significantly from 
Day 80 while the concentration in the soil with the no plant treatment decreased from 117 
mg kg-1 on Day 80 to 88 mg kg-1 on Day 170. The M1 soil continued to have higher 
concentrations of lead compared to the DM1 and campus soils with all plant treatments.  
 The concentration of bioavailable chromium in the DM1 soil increased from Day 
80 with each treatment while the concentrations of bioavailable aluminum and 
manganese did not change significantly with any of the treatments. The concentrations of 
bioavailable chromium in the no plant, grass, and fern treatments on Day 170 were 4.3 
mg kg-1, 4.8 mg kg-1, and 4.5 mg kg-1, respectively. Concentrations of bioavailable 
arsenic, copper, iron, and lead decreased in the DM1 soil with each treatment.  
 The bioavailable concentration of chromium in the campus soil increased between 
Day 80 and Day 170 with each treatment. The bioavailable concentrations of chromium 
in the no plant, grass, and fern treatments were 1.2 mg kg-1, 1.5 mg kg-1, and 1.4 mg kg-1, 
respectively, with no significant variation between the treatments (Figure 15c). The 
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concentrations of bioavailable aluminum, copper, and manganese in the campus soil did 
not change significantly from Day 80 with all plant treatments (Table 6). The 
concentration of bioavailable iron in the campus soil with the fern and grass treatments 
did not change significantly while the concentration in the campus soil with the no plant 
treatment decreased from 211 mg kg-1 to 172 mg kg-1. Concentrations of bioavailable 
arsenic and lead in the campus soil decreased from Day 80 with each plant treatment. The 
campus soil showed significantly lower concentrations of bioavailable aluminum with the 
fern treatment compared to the grass and no plant treatments.  
 The bioavailable concentrations of aluminum decreased significantly from initial 
values to Day 170 in the M1 soil and DM1 soil with the all treatments (Figure 14a). The 
concentration increased in the campus soil with the grass and no plant treatments and did 
not change significantly in the campus soil with the fern treatment. Bioavailable 
concentrations of arsenic decreased significantly in the M1, DM1, and campus soils 
between the initial values and Day 170 for all treatments (Figure 14b). Bioavailable 
concentrations of chromium increased in the M1, DM1, and campus soils for all 
treatments. The concentrations of bioavailable copper decreased in the M1 and DM1 soils 
for all treatments while the concentration in the campus soil did not change significantly 
for all treatments. The bioavailable concentration of iron decreased in all soils and 
treatments with the exception of the campus soil with the fern treatment which did not 
change significantly by Day 170 from initial values. The concentrations of bioavailable 
manganese did not change significantly in the M1 soil in all treatments while 
concentrations in the DM1 and campus soils increased in all treatments. The 
concentration of bioavailable lead in the M1 soil did not change significantly in the fern 
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and grass treatments, increased in the M1 no plant treatment, while the concentration in 
the DM1 and campus soils decreased significantly by Day 170 from initial values in all 
treatments (Figure 14c).  
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Table 3a. Day 1 Average Bioavailable Soil Metal Concentrations (mg kg-1) 
Soil [Al] [As] [Cr]  [Cu] [Fe] [Mn] [Pb] 
M1 113±2 1.1±0.03 3.1±0.06 87±0.7 2077±23 8.5±0.3 67±2 
DM1 26±3 0.48±0.01 0.86±0.02 46±2 1088±25 79±2 44±1 
Campus 9.8±1 0.77±0.01 BDL 2.5±0.07 160±4 58±1 53±1 
*BDL= below the detection limit 
Table 4. Day 21 Average Bioavailable Soil Metal Concentrations (mg kg-1) 
Soil Treatment [Al] [As] [Cr]  [Cu] [Fe] [Mn] [Pb] 
M1 No Plant 3.8± 
0.5 BDL 
0.25± 
0.009 13±1 
222± 
0.7 
1.0± 
0.08 100±7 
Fern 
3.1±1 BDL 
0.25± 
0.03 12±2 
208±
6 
1.1± 
0.3 57±23 
Grass 2.9± 
0.8 BDL 
0.25± 
0.01 12±1 
221±
4 
1.1± 
0.06 67±34 
DM1 No Plant 2.4± 
0.1 BDL BDL 
11± 
0.4 
180±
5 47±2 25±1 
Fern 2.9± 
0.8 BDL BDL 
11± 
0.5 
186±
7 49±0.6 
24± 
0.4 
Grass 3.5± 
0.7 BDL BDL 
11± 
0.3 
173±
4 58±2 
26± 
0.8 
Campus No Plant  
2.3± 
0.1 
 
0.65± 
0.02 BDL 
1.0± 
0.03 51±2 41±0.3 
46± 
0.5 
Fern 2.0± 
0.2 
0.62± 
0.03 BDL 
1.1± 
0.07 56±3 47±0.8 46±2 
Grass 2.5± 
0.3 
0.65± 
0.02 BDL 
1.1± 
0.07 57±6 45±2 46±3 
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Table 5. Day 80 Average Bioavailable Soil Metal Concentrations (mg kg-1) 
Soil Treatment [Al] [As] [Cr]  [Cu] [Fe] [Mn] [Pb] 
M1 No Plant 
14±2 
0.82± 
0.05 1.3±0.2 46±2 
868±
22 
3.8± 
0.1 117±3 
Grass 
11±4 
0.81± 
0.03 
1.1± 
0.03 41±4 
889±
32 
2.6± 
0.2 
64± 
38 
Fern 
16±3 
0.79± 
0.03 1.1±0.1 40±6 
858±
22 3.3±1 
63± 
31 
DM1 No Plant 
11±3 
0.44± 
0.01 
0.69± 
0.01 41±2 
852±
13 
89± 
11 43±2 
Grass 
15±4 
0.47± 
0.05 
0.70± 
0.05 40±2 
852±
27 
96± 
14 43±2 
Fern 
14±1 
0.47± 
0.01 
0.68± 
0.02 41±1 
855±
36 
116± 
32 40±1 
Campus No Plant 
8.2±2 
0.82± 
0.01 
0.25± 
0.01 
3.0± 
0.2 
211±
6 80±8 55±2 
Grass 
10±2 
0.81± 
0.03 
0.30± 
0.02 
3.4± 
0.1 
252±
20 72±9 53±3 
Fern 
7.3±3 
0.79± 
0.03 
0.27± 
0.02 
3.2± 
0.2 
236±
26 87±8 56±1 
Table 6. Day 170 Average Bioavailable Soil Metal Concentrations (mg kg-1) 
Soil Treatment [Al] [As] [Cr]  [Cu] [Fe] [Mn] [Pb] 
M1 No Plant 14±0.3 BDL 5.1±0.3 37±1 721± 
46 
3.9± 
2.3 
88±1 
Grass 13±2 BDL 5.2±0.2 33±2 733± 
17 
1.3± 
0.2 
50± 
29 
Fern 13±2 BDL 5.1±0.2 35±9 726± 
36 
1.8± 
0.3 
57± 
26 
DM1 No Plant 14±0.2 0.18± 
0.008 
4.3±0.2 34±2 704± 
52 
113±
9 
29±1 
Grass 16±1 0.17± 
0.01 
4.8±0.3 31±2 746± 
45 
119±
22 
31±2 
Fern 15±2 0.17± 
0.03 
4.5±0.3 30±2 699± 
58 
125± 
43 
29±2 
Campus No Plant 12±0.4 0.48± 
0.006 
1.2± 
0.01 
2.4± 
0.07 
172±2 108± 
27 
39± 
0.7 
Grass 14±2 0.48± 
0.01 
1.5±0.2 2.8±0.2 224± 
26 
77± 
13 
37±1 
Fern 10±1 0.49± 
0.1 
1.4±0.5 2.4±0.4 198± 
71 
65± 
23 
35±3 
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Figure 13. Comparison of Day 1 Soil Bioavailable Concentrations of Al, Pb, Cu, and Mn 
in the campus, DM1, and M1 soils. 
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Figure 14a. Changes in Bioavailable Aluminum Concentrations in Soil over 170 Days 
 
 
Figure 14b. Changes in Bioavailable Arsenic Concentrations in Soil Over 170 Days 
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Figure 14c. Changes in Bioavailable Lead Concentrations in Soil over 170 Days 
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Figure 15a. Concentration of Bioavailable Chromium in Soil on Day 1 
 
Figure 15b. Concentration of Bioavailable Chromium in Soil on Day 80 
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Figure 15c. Concentration of Bioavailable Chromium in Soil on Day 170 
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4.2.2 Total Recoverable Metal Concentrations  
 The results for initial average total metal concentrations in the soil showed that 
M1 soil had significantly higher concentrations of arsenic, chromium, copper, iron, and 
lead compared to DM1 and campus soil (Table 7). Campus and M1 soil had higher 
aluminum concentrations than DM1 soil. M1 soil contained an average of 52 mg kg-1 of 
arsenic while the campus soil contained an average of 2.0 mg kg-1 of arsenic and DM1 
soil contained an average of 22 mg kg-1 of arsenic. Average initial total iron 
concentration in the M1 soil was 71,431 mg kg-1 while the campus soil contained 
significantly less average total iron, 9919 mg kg-1. M1 soil contained 751 mg kg-1 of lead 
on Day 1 and DM1 soil contained 308 mg kg-1 while the campus soil contained 
significantly less, 60 mg kg-1. 
 By Day 21, there was no significant difference in metal concentrations between 
treatments for any of the soils, but other changes were detected. M1 soil still had 
significantly higher total concentrations of arsenic, chromium, copper, iron, and lead 
compared to DM1 and campus soil (Table 8). The campus soil now contained higher total 
concentrations of aluminum than both the DM1 and M1 soils. DM1 soil now contained 
higher manganese concentrations than the campus and M1 soil. Total iron concentrations 
in the M1 and DM1 soils decreased between Day 1 and Day 21 and concentration of iron 
in the campus soil increased. Over the first 21 days, total manganese concentrations 
decreased in the campus soil, increased in the DM1 soil, and did not change significantly 
in the M1 soil.  
 By Day 80, there were still no significant variations in the metal concentrations 
between treatments for any of the soils. The total concentration of aluminum decreased in 
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the DM1 and campus soils and the concentration in the M1 soil did not vary significantly 
from Day 21 concentrations. The total concentration of arsenic in the M1 soil on Day 80 
decreased slightly from Day 21 while the arsenic concentration in the DM1 and campus 
soils did not vary significantly (Figure 16a). The total concentrations of chromium, 
copper, manganese, and lead in the DM1 and campus soils decreased significantly 
between Day 21 and Day 80 and the total concentrations of these metals in the M1 soil 
did not vary significantly. The total concentration of iron in the M1, DM1 and campus 
soil decreased between Day 21 and 80 (Table 9, Figure 16b).  
 Due to time constraints, Day 170 soil was not analyzed for total 
recoverable metal concentrations. Total metal concentrations in the M1 soil after 80 days 
stayed consistently higher than concentrations in the DM1 soil, regardless of treatment. 
Total metal concentrations in the DM1 soil stayed consistently higher than concentrations 
in the campus soil, regardless of treatment. M1 and DM1 soil contained concentrations of 
arsenic significantly higher than the limits set by Virginia's Department of Environmental 
Quality (DEQ) (Figures 16a,b) and the M1 soil contained iron concentrations higher than 
the DEQ limit. 
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Table 7. Day 1 Average Total Soil Metal Concentrations (mg kg-1) 
 
 
Table 8. Day 21 Average Total Soil Metal Concentrations (mg kg-1) 
Soil Treatment [Al] [As] [Cr]  [Cu] [Fe] [Mn] [Pb] 
M1 No Plant 8637±
356 53±3 63±7 
285± 
41 
87095± 
6594 
179±
25 
787± 
18 
Fern 7601±
352 64±6 75±3 
279± 
47 
108776±
3560 
205±
6 
615± 
57 
Grass 8556±
766 59±4 75±8 
281±2
6 
104369± 
13531 
198±
15 
684± 
156 
DM1 No Plant 8014±
207 
26± 
0.2 
35± 
0.2 
144± 
13 
37560± 
843 
933±
17 
365± 
29 
Fern 7970±
32 
25± 
0.7 35±1 129±4 
36163± 
1508 
933±
7 
346± 
10 
Grass 8090±
192 25±1 
37± 
0.7 130±2 
36625± 
1578 
930±
25 361±3 
Campus No Plant 11701
±520 
2.2±
0.2 
21± 
0.8 
6.9± 
0.2 
11174± 
142 
412±
15 67±1 
Fern 11457
±76 
2.0±
0.3 20±3 
6.3± 
0.7 
11667± 
388 
372±
61 61±9 
Grass 12667
±102 
2.3±
0.1 
21±0.
3 
7.5± 
0.4 
11520± 
145 
436±
15 69±0.9 
 
 
 
 
 
 
 
 
 
Soil [Al] [As] [Cr]  [Cu] [Fe] [Mn] [Pb] 
M1 9045±420 52±6 57±4 287±4 71431±2037 184±16 754±44 
DM1 7739±96 22±0.6 26±0.2 125±2 31055±82 345±28 308±12 
Campus 9790±424 2.0±0.08 14±0.2 7±0.4 9919±376 695±17 60±6 
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Table 9. Day 80 Average Total Soil Metal Concentrations (mg kg-1) 
Soil Treatment [Al] [As] [Cr]  [Cu] [Fe] [Mn] [Pb] 
M1 No Plant 8502± 
420 48±5 52±5 
271± 
31 
66259± 
2809 
173± 
16 
790± 
61 
Fern 6963± 
1451 47±7 48±4 
222± 
27 
64084± 
3047 152±8 
564± 
72 
Grass 8161± 
391 51±5 53±3 
242± 
15 
71040± 
5361 
177± 
14 
603± 
106 
DM1 No Plant 2865± 
58 27±1 
10±0
.3 48±2 
10405± 
427 
222± 
17 279±8 
Fern 2935± 
43 
26± 
0.7 11±1 47±0.6 
10153± 
46 237±6 284±2 
Grass 3061± 
59 
26± 
0.3 
10±0
.2 46±0.3 
10038± 
220 235±9 288±7 
Campus No Plant 4105±
140 
2.6±
0.05 
6.6±
0.2 
2.7± 
0.05 3413±39 106±3 59±2 
Fern 4101±
178 
2.5±
0.2 
6.6±
0.2 
2.8± 
0.3 
3410± 
113 108±3 59±2 
Grass 4070±
51 
2.6±
0.07 
7.2±
1 
2.7± 
0.06 
3724± 
615 
103± 
0.4 58±2 
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Figure 16a. Total Recoverable Arsenic in Soil over 80 Days 
 
Figure 16b. Total Recoverable Iron in Soil over 80 Days 
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4.3 Plant Metal Concentrations 
4.3.1 Fern Treatment 
 The results for total metal concentrations in the fern biomass showed the initial 
concentrations of arsenic and chromium were below the detection limit (BDL), in the fern 
roots and shoots. The initial concentration of aluminum was 95 mg kg-1 in the roots and 
9.5 mg kg-1 in the shoots (Table 10). The initial concentration of copper in the fern roots 
was 1.8 mg kg-1 and 1.2 mg kg-1 in the shoots. The Fe and Pb concentrations were also 
higher in the fern roots versus fern shoots although the manganese concentration was 3.9 
mg kg-1 in the roots and 6.0 mg kg-1 in the shoots. 
 By Day 21, metal concentrations in the ferns increased, except for manganese 
concentrations in the M1 and campus fern shoots, which stayed statistically the same as 
on Day 1 (Table 11). Arsenic concentrations in the campus fern roots and M1, DM1, and 
campus fern shoots remained below the detection limit. Chromium concentrations in all 
ferns except the M1 fern roots also remained below the detection limit. Chromium 
concentrations in M1 fern roots increased from below the detection limit on Day 1 to 1.2 
mg kg-1 on Day 21. Aluminum concentrations in the campus fern roots increased from 95 
mg kg-1 to 428 mg kg-1 and from 9.5 mg kg-1 to 102 mg kg-1 in the fern shoots between 
Day 1 and Day 21. On Day 21, the concentrations of aluminum in the fern roots were not 
significantly different between soil treatments. Campus ferns did accumulate significantly 
more aluminum in the shoots than the M1 ferns (Figure 12). Iron concentrations in the 
M1 fern roots increased from 50 mg kg-1 to 907 mg kg-1 and from 12 mg kg-1 to 73 mg 
kg-1 in the fern shoots between Day 1 and Day 21. The M1 and DM1 ferns accumulated 
significantly more iron in the fern roots than the fern shoots on Day 21 while there was 
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no significant difference in iron accumulation between the campus fern roots and shoots. 
The ferns accumulated significantly more manganese and lead in the fern root than fern 
shoots regardless of soil type. Lead concentrations in the fern shoots increased above the 
detection limit to 5.3 mg kg-1, 4.1 mg kg-1, and 3.1 mg kg-1 for M1, DM1, and campus 
soils, respectively. Lead concentrations in the M1 fern roots increased from 2.2 mg kg-1 
on Day 1 to 81 mg kg-1 on Day 21. Lead concentration in the DM1 and campus fern roots 
also increased between Day 1 and Day 21. 
 By Day 80, concentrations of aluminum in the DM1 fern roots and iron in the M1, 
DM1, and campus fern shoots did not change significantly from Day 21 values in the M1, 
DM1, and campus soils (Table 12). The replicates within each soil showed much greater 
variation in the concentration of the metals in the ferns. The concentration of aluminum 
in the M1 and campus fern shoots decreased from Day 21 but remained above Day 1 
concentrations. Lead concentrations in the campus fern shoots decreased from 3.1 mg kg-
1 on Day 21 to below the detection limit on Day 80 while the concentration in the M1 and 
DM1 fern shoots did not change significantly. Arsenic concentrations in the M1 fern 
roots increased from 2.5 mg kg-1 on Day 21 to 3.6 mg kg-1 on Day 80. The concentration 
of arsenic in the M1, DM1, and campus fern shoots increased from below the detection 
limit on Day 21 to 1.6 mg kg-1, 1.4 mg kg-1, and 3.0 mg kg-1, respectively. The 
concentration of arsenic in the campus fern roots also increased from below the detection 
limit on Day 21 to 1.3 mg kg-1 in the fern roots and 0.42 mg kg-1. The ferns accumulated 
more aluminum, chromium, iron, and lead in the roots compared to the shoots in the M1, 
DM1, and campus soils.  
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 By Day 170, concentrations of metals in the fern roots and shoots increased 
significantly with the exception of arsenic in the M1, DM1, and campus fern shoots and 
campus fern roots (Table 13). The concentration of aluminum in the M1, DM1, and 
campus fern roots increased to 2302 mg kg-1, 3372 mg kg-1, and 2727 mg kg-1. The M1, 
DM1, and campus fern shoots accumulated less aluminum than the fern roots, but the 
concentration of aluminum in the fern shoots still increased from Day 21 to 338 mg kg-1, 
235 mg kg-1, and 397 mg kg-1,respectively (Figure 17a). The concentration of arsenic in 
the M1 and DM1 fern roots increased to 12 mg kg-1 and 7.1 mg kg-1 while the 
concentration in the campus fern roots, 1.3 mg kg-1, did not change significantly. The 
concentration of arsenic in the campus fern shoots decreased to below the detection limit 
(Figure 17c). The concentration of chromium and copper in the M1, DM1, and campus 
fern roots and shoots increased significantly. Iron concentrations in the M1, DM1, and 
campus fern roots increased to 12,711 mg kg-1, 7990 mg kg-1, and 1927 mg kg-1 and to 
997 mg kg-1, 351 mg kg-1, and 315 mg kg-1 in the M1, DM1, and campus fern shoots. The 
concentration of manganese and lead (Figure 17b) in the M1, DM1, and campus fern 
roots increased and accumulated higher concentrations than the M1, DM1, and campus 
fern shoots. 
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Table 10. Day 1 Average Metal Concentrations in the Fern Biomass (mg kg-1)  
Plant [Al] [As] [Cr]  [Cu] [Fe] [Mn] [Pb] 
Root 
 
95±18 BDL BDL 1.8±0.2 50±15 3.9±0.7 2.2±0.5 
Shoot 9.5±2 BDL BDL 1.2±0.1 12±2 6.0±0.7 BDL 
 
Table 11. Day 21 Average Metal Concentrations in Fern Biomass (mg kg-1)  
Plant Soil [Al] [As] [Cr]  [Cu] [Fe] [Mn] [Pb] 
 
Root 
 
M1 317± 
84 
2.5±1 1.2± 
0.03 
21±3 907± 
510 9.1±2 81±38 
DM1 300± 
80 
1.6±1 BDL 14±4 477± 
257 32±20 23±9 
Campus 428± 
281 
BDL BDL 2.8±1 317± 
233 18±12 13±7 
 
Shoot 
M1 43±8 BDL BDL 2.5± 
0.07 
73±9 6.3± 
0.6 5.3±1 
DM1 63±23 BDL BDL 2.5±1 77±24 
9.4±2 4.1±2 
Campus 102± 
39 
BDL BDL BDL 79±10 7.3± 
0.8 
3.1± 
0.6 
 
Table 12. Day 80 Average Metal Concentrations in the Fern Biomass (mg kg-1)  
Plant Soil [Al] [As] [Cr]  [Cu] [Fe] [Mn] [Pb] 
 
Root 
 
M1 406± 
19 
3.6±0.4 1.8± 
0.3 
35±5 1692± 
530 
8.5±1 126± 
52 
DM1 333± 
113 
1.6±0.4 BDL 32±8 541±273 60±6 39±15 
Campus 677± 
222 
1.3±0.3 1.3± 
0.4 
3.7±0.8 490±187 28± 
11 
17±5 
 
Shoot 
M1 26±2 1.6± 
0.05 
BDL 3.2±0.3 79±11 9.5±1 6.0±1 
DM1 31±22 1.4±0.3 BDL 2.4±0.5 61±44 24±7 2.0±1 
Campus 52±17 3.0±0.4 0.42± 
0.1 
2.1± 
0.02 
66±20 13±1 BDL 
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Table 13. Day 170 Average Metal Concentrations in the Fern Biomass (mg kg-1)  
Plant Soil [Al] [As] [Cr]  [Cu] [Fe] [Mn] [Pb] 
 
Root 
 
M1 2302± 
303 
12±4 90±30 141±31 12711± 
3171 
30±7 275± 
94 
DM1 3372± 
2098 
7.1±3 56±25 125±60 7990± 
2722 
564± 
392 
130± 
43 
Campus 2727± 
755 
1.3± 
0.6 
15±4 14±10 1927± 
392 
232± 
143 
33±20 
 
Shoot 
M1 338±4
6 
1.5± 
0.5 
6.6±3 14±5 997±475 65±51 23±7 
DM1 235± 
131 
2.0± 
0.7 
2.7±1 6.5±3 351±235 365± 
172 
5.4±4 
Campus 397± 
202 
BDL 1.5± 
0.3 
5.5±8 315±200 68±46 3.1±1 
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Figure 17a. Aluminum concentration demonstrating increase in metal concentration in 
fern root and shoot between Day 1 and Day 170 
 
 
 
 
 
 
0
1000
2000
3000
4000
5000
6000
Day 1 Day 21 Day 80 Day 170
[A
l]
 (
m
g 
kg
-1
)
Day
[Al] in Ferns over 170 Days
DM1 Fern Roots Campus Fern Roots M1 Fern Roots
DM1 Fern Shoots Campus Fern Shoots M1 Fern Shoots
 
 
64 
 
 
Figure 17b. Lead concentration demonstrating increase in metal concentration in fern 
between Day 1 and Day 170 
 
Figure 17c. Arsenic concentration demonstrating increase in metal concentration in fern 
between Day 1 and Day 170 
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4.3.2 Grass Treatment 
The results for total metal concentrations in the grass biomass showed that initial 
metal concentrations of arsenic, chromium, and lead were below the detection limit 
(BDL) in the grass roots and shoots (Table 14). The highest initial metal concentrations 
were aluminum and iron, with aluminum concentrations in the grass roots of 26 mg kg-1 
and 12 mg kg-1 in the grass shoots, and 29 mg kg-1 of iron in the grass roots and 22 mg 
kg-1 of iron in the grass shoots. Initial copper concentration in the grass roots was 2.2 mg 
kg-1 and 2.5 mg kg-1 in the grass shoots. The initial manganese concentration in the grass 
roots was 3.2 mg kg-1 while the grass shoots had a higher initial concentration of 10 mg 
kg-1. 
 By Day 21, aluminum concentrations in the grass roots increased from 12 mg kg-1 
on Day 1 to 252 mg kg-1 in the campus roots, 216 mg kg-1 in the DM1 roots, and 191 mg 
kg-1 in the M1 roots (Table 15). Arsenic concentrations in the M1 grass roots increased 
from below the detection limit on Day 1 to 1.1 mg kg-1 on Day 21. Iron concentrations in 
the M1 grass roots rose from 29 mg kg-1 on Day 1 to 527 mg kg-1 on Day 21. Arsenic and 
chromium concentrations in the grass shoots remained below the detection limit in all 
three soils. Aluminum and copper concentrations in the grass shoots did not change 
significantly from Day 1 concentrations. The concentrations of manganese and lead in the 
grass shoots increased significantly from Day 1 to Day 21. The manganese concentration 
in M1 grass shoots increased from 10 mg kg-1 on Day 1 to 17 mg kg-1 on Day 21 and the 
concentration of lead in the M1 grass shoots increased from below the detection limit to 
3.7 mg kg-1. On Day 21, the aluminum, chromium, copper, and iron concentrations in the 
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grass roots were significantly higher than the concentrations in the grass shoots in the 
M1, DM1, and campus soils. 
 By Day 80, metal concentrations in the grass roots increased from Day 21. The 
concentration of aluminum in the campus soil grass roots increased from 252 mg kg-1 on 
Day 21 to 1430 mg kg-1 on Day 80 (Table 16). The concentration of arsenic in the DM1 
grass roots increased from below the detection limit on Day 21 to 1.7 mg kg-1 on Day 80. 
Chromium concentrations in the M1 grass roots increased from 2.7 mg kg-1 on Day 21 to 
7.0 mg kg-1 on Day 80. In the M1 grass roots, the concentration of copper increased from 
7.7 mg kg-1 on Day 21 to 33 mg kg-1 on Day 80 and the concentration of iron increased 
from 527 mg kg-1 to 3192 mg kg-1. The concentration of lead increased from 19 mg kg-1 
to 50 mg kg-1 in the M1 grass roots and from 2.2 mg kg-1 to 6.5 mg kg-1 in the campus 
grass roots between Day 21 and Day 80. The concentration of arsenic and chromium in 
the grass shoots remained below the detection limit on Day 80. The concentration of 
aluminum in the M1 and campus grass shoots did not change significantly from Day 21 
but increased in the DM1 grass shoots from 18 mg kg-1 to 34 mg kg-1. Lead 
concentrations in the DM1 grass shoots did not change significantly from Day 21 but 
decreased from 1.0 mg kg-1 on Day 21 in the campus grass shoots to below the detection 
limit on Day 80. The lead concentration in the M1 grass shoots increased from 3.7 mg kg-
1 on Day 21 to 7.0 mg kg-1 on Day 80. Concentrations of copper, iron, and manganese 
increased in the grass shoots between Day 21 and Day 80. The concentration of iron in 
the M1 grass shoots increased from 59 mg kg-1 to 133 mg kg-1. The concentration of 
aluminum, arsenic, chromium, copper, iron, and lead in the grass roots was significantly 
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higher than the concentration of these metals in the shoots. Manganese concentrations 
were higher in the grass shoots than the grass roots.  
 By Day 170 arsenic, chromium, manganese, and lead concentrations in the grass 
increased from Day 80 in both roots and shoots for M1 and DM1 treatments and did not 
change significantly for the campus treatment. Aluminum concentrations in the shoots 
did not change significantly for any of the treatments. Copper and iron concentrations in 
the shoots decreased for all treatments. The concentration of aluminum in the grass roots 
increased in the M1, DM1, and campus treatments from 703 mg kg-1, 913 mg kg-1, and 
1430 mg kg-1 on Day 80 to 1935 mg kg-1, 1718 mg kg-1, 2244 mg kg-1 on Day 170, 
respectively (Figure 18a; Table 17). Arsenic concentrations in the M1 and DM1 grass 
roots increased significantly and increased above the detection limit in the DM1 grass 
shoots (Figure 18c). Chromium concentrations in the M1, DM1, and campus grass roots 
increased significantly to 68 mg kg-1, 28 mg kg-1, and 20 mg kg-1. Chromium 
concentrations in the M1 and DM1 grass shoots increased above the detection limit and 
the concentration in the campus grass shoots remained below the detection limit. The 
concentration of copper in the M1 grass roots increased and the concentration in the DM1 
grass roots and campus grass roots did not change significantly. The concentration of 
copper in the M1, DM1, and campus grass shoots decreased. Iron concentrations in the 
M1, DM1, and campus grass roots increased significantly to 9155 mg kg-1, 3852 mg kg-1, 
and 1811 mg kg-1, respectively. The concentration of iron in the M1 grass shoots did not 
change significantly and the concentration of iron in the DM1 and campus grass shoots 
decreased. Manganese concentrations in the M1, DM1, and campus grass roots did not 
change significantly. The concentration of manganese in the M1 grass shoots decreased 
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and did not change significantly in the DM1 and campus grass shoots. Lead 
concentrations in the M1, DM1, and campus grass roots increased significantly to 178 mg 
kg-1, 55 mg kg-1 and 14 mg kg-1 (Figure 18c). The concentration of manganese in the M1 
and DM1 grass shoots did not change significantly and the concentration in the campus 
grass shoots increased above the detection limit to 0.3 mg kg-1. Metal concentrations 
were higher in the grass roots with the exception of manganese which accumulated 
significantly higher concentrations in the grass shoots. The M1 grass roots accumulated 
significantly more arsenic, chromium, copper, iron, and lead than the DM1 and campus 
grass roots. The M1 grass shoots did not accumulate significantly more metals than the 
DM1 and campus grass shoots. The DM1 grass roots and shoots accumulated 
significantly more manganese than the M1 and campus grasses. 
 After 170 days, the grasses accumulated a significant concentration of metals in 
the roots and shoots. Generally, the M1 grass accumulated higher concentrations of 
metals than the DM1 and campus grasses. The M1, DM1, and campus grasses 
accumulated high concentrations of iron, aluminum, manganese and lead, and small 
concentrations of arsenic, chromium, and copper. 
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Table 14. Day 1 Average Metal Concentrations in the Grass Biomass (mg kg-1)  
Plant [Al] [As] [Cr]  [Cu] [Fe] [Mn] [Pb] 
Root 
 
26±10  
BDL 
 
BDL 
2.2±0.2 29±5 3.2±0.4 
BDL 
Shoot 12±5  
BDL 
 
BDL 
2.5±0.3 22±6 10±0.7 
BDL 
 
Table 15. Day 21 Average Metal Concentrations in the Grass Biomass (mg kg-1) 
Plant Soil [Al] [As] [Cr]  [Cu] [Fe] [Mn] [Pb] 
Root M1 191±19 1.1±0.5 2.7±2 7.7±3 527±299 9.2±5 19±9 
 DM1 216±51 BDL 3.3±1 4.5±1 211±10 18±1 4.4±0.5 
Campus 252±104 BDL 3.6±3 3.2±0.2 169±38 9.1±1 2.2±0.4 
Shoot M1 19±4 BDL BDL 3.0±0.3 59±12 17±4 3.7±1 
 DM1 18±4 BDL BDL 3.0±0.3 37±7 35±5 1.5±0.2 
Campus 20±7 BDL BDL 2.2±0.2 28±8 20±5 1.0±0.3 
 
Table 16. 80 Day Average Metal Concentrations in the Grass Biomass (mg kg-1)  
Plant Soil [Al] [As] [Cr]  [Cu] [Fe] [Mn] [Pb] 
 
Root 
 
M1 703± 
233 
2.4± 
0.8 
7.0±3 33±7 3192±10
50 
13±3 50±23 
DM1 913± 
248 
1.7± 
0.4 
5.5±1 24±7 2630± 
729 
168± 
69 
28±7 
Campus 1430±
322 
BDL 5.8±2 5.0± 
0.09 
1189± 
238 
71±33 6.5±3 
 
Shoot 
M1 22±17 BDL BDL 9.9±2 133±62 93±23 7.0±4 
DM1 34±4 BDL BDL 8.4±0.4 118±9 317± 
32 
1.4± 
0.1 
Campus 27±11 BDL BDL 4.1±0.5 66±15 249± 
41 
BDL 
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Table 17. Day 170 Average Metal Concentrations in the Grass Biomass (mg kg-1)  
Plant Soil [Al] [As] [Cr]  [Cu] [Fe] [Mn] [Pb] 
 
Root 
 
M1 1935±
341 
9.1±2 68±13 55±3 9155± 
1131 
11±4 178± 
11 
DM1 1718±
167 
2.5±0.2 28±2 35±5 3852±216 180± 
33 
55±5 
Campus 2244±
538 
BDL 20±12 6.5±2 1811±410 112± 
31 
14±2 
 
Shoot 
M1 25±0 BDL 3.1±4 3.6±1 65±24 40±13 3.0±2 
DM1 25±7 0.04± 
0.01 
1.2± 
0.1 
5.4± 
0.9 
47±13 322± 
80 
1.4± 
0.6 
Campus 26±11 BDL BDL 1.9± 
0.6 
31±8 214±8 0.3± 
0.1 
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Figure 18a. Aluminum concentration demonstrating increase in metal concentration in 
grass between Day 1 and Day 170 
 
Figure 18b. Lead concentration demonstrating increase in metal concentration in grass 
between Day 1 and Day 170 
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Figure 18c. Arsenic concentration demonstrating increase in metal concentration in grass 
between Day 1 and Day 170 
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5. DISCUSSION 
5.1 Soil pH and SOM % 
Using SPSS statistical analysis, it was determined that the pH of the soil treatments 
are significantly different and the concentration of metals in the soil is correlated to the 
pH (r = -0.794). Over 170 days, the pH of the soils decreased from initial values for all 
soils and plant treatments (Figure 11). This may be due to the use of an ammonium based 
nitrogen fertilizer in the soil after Day 1 sampling. As the added fertilizer was converted 
to nitrates and hydrogen ions, the plants may not have taken up all of the nitrate, leaving 
the nitrate to leach out during irrigation. This would have left hydrogen ions in the soil, 
decreasing the pH over time (Gazey 2016). The campus soil pH remained the least acidic 
regardless of plant treatment while the M1 soil pH remained the most acidic regardless of 
plant treatment. This indicates that the plant treatments did not have an effect on the 
acidity of the soil. 
The soil organic matter content decreased from initial values over 170 days in the M1 
and DM1 soil for all plant treatments (Figure 12). This trend may be due to the 
decomposition of organic matter over time. Organic matter breaks down, releasing 
nutrients that plants then take up. The very high level of soil organic matter in the M1 soil 
on Day 1 is most likely due to a high amount of pine needles in the organic layer of the 
soil which was not fully removed during soil sampling. This would also explain the large 
drop in soil organic matter in the M1 soil between Day 1 and Day 21 as there was not as 
thick of an organic layer in the Day 21 soil samples. The soil organic matter content 
increased in the campus soil for all plant treatments between Day 1 and Day 21, and then 
decreased to initial values by Day 170. This may be due to the disturbance and 
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subsequent oxidation and decomposition of organic matter present in the initial campus 
soil (Fertiliser Technology Resarch Centre 2013). 
5.2 Soil Metal Concentration and Plant Treatment 
The M1 soil contained total concentrations of As, Cr, Cu, Fe, and Pb consistent with a 
soil contaminated with heavy metals (Kennou et al. 2015). The geologic composition at 
the mine site, the Chopawamsic formation, is interlayered felsic and mafic metavolcanic 
rocks which contain metal complexes such as Al2O3, Fe2O3, FeO, and MnO in minerals 
such as epidote, biotite, and muscovite which indicates that the mining activity along 
Contrary Creek may have disrupted the environment in such a way that the mobility of 
metals in the environment changed, resulting in increased concentrations of metals in the 
soil (Southwick et al. 1971). The campus soil contained lower concentrations of As, Cr, 
Cu, Fe, and Pb than the M1 and DM1 soils which allowed it to serve as a control for 
metal uptake in the ferns and grasses. The DM1 soil contained higher concentrations of 
As, Cr, Cu, Fe and Pb than the campus soil, but the concentrations were not as high as the 
M1 soil, suggesting that the environment downstream of the mine site is also affected but 
to a lesser degree than at the mine site. The campus soil contained higher concentrations 
of Mn than the M1 and DM1 soils, which is most likely due to the high solubility of Mn 
at low pHs. In a well-irrigated area such as the banks at the Contrary Creek mine site, Mn 
has most likely leached out of the more acidic soils (Hue et al. 1998). The concentration 
of metals in the soil may also be affected by the amount of soil organic matter as heavy 
metal mobility is influenced by the quantity of organic substances in the soil (Zaprjanova 
2010). 
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The bioavailable concentrations of aluminum, arsenic, copper, iron, manganese and 
lead in the soil significantly decreased between Day 1 and Day 170 while the 
concentration of chromium increased. The changes in bioavailable concentrations of the 
metals between Day 1 and Day 170 are consistent with natural variation in soil metal 
concentrations in the environment. The inconsistent trend between Day 1 and Day 21 is 
most likely due to experimental error, but some decreases in aluminum and manganese 
concentration may be due to these metal’s high solubility. This means aluminum and 
manganese are prone to leaching out with irrigation. There is no clear trend for 
significant variation between treatments for any of the soils, indicating that the fern and 
grass treatments did not significantly influence bioavailable metal concentrations. 
Although the total recoverable concentration of analyzed metals in all soils and plant 
treatments increased significantly between Day 1 and Day 21, this amount of variation is 
consistent with environmental spatial variation and a small sample size. Due to time 
constraints, Day 170 soil was not analyzed for total recoverable metal concentrations. 
The analyzed metal concentrations of the M1, DM1, and campus soil with the fern and 
grass treatments did not change significantly from the no plant treatment over 80 days, 
indicating that the plant treatments did not have an effect on the total recoverable metal 
concentrations in the soil as expected because of the high initial metal concentrations in 
the soils. 
5.3 Plant Metal Uptake 
5.3.1 Fern Treatment 
Over 170 days, the ferns accumulated significant concentrations of metals in all three 
soils. The M1 fern accumulated significantly more arsenic, chromium, copper, iron, and 
 
 
76 
 
lead than the campus fern but the M1 fern metal concentrations were not significantly 
different from the DM1 fern metal concentrations with the exception of manganese. The 
concentrations of manganese in the DM1 fern was significantly higher than the M1 fern. 
It was determined that the concentration of arsenic in the ferns significantly differed 
according to soil type and is negatively correlated to the pH of the soil (r = -0.669) and 
the arsenic concentration in the soil treatment (r = 0.683). This indicates that as pH 
decreases, the concentration of arsenic in the fern increases, and as the concentration of 
arsenic increases in the soils, the concentration of arsenic in the fern will increase. 
By Day 170, the accumulation of metals in the fern biomass was clearly much higher 
in the roots. This is contradictory to previous work with the Pteris fern, especially for 
arsenic accumulation. This may be due to the extremely high concentration of metals in 
the soil, the growing time, and the health of the ferns. By Day 170, the ferns were 
beginning to die, potentially due to their aversion to acidic conditions, which may have 
prevented the translocation of metals from the roots to the shoots. The total 
concentrations of metals in the fern were not higher than the concentrations of total 
recoverable metals in the soil for any of the metals, but the total concentration of metals 
in the fern were higher than the concentrations of bioavailable metals in the soil, 
indicating that the fern is hyperaccumulating metals from the bioavailable fraction of the 
soil.  
5.3.2 Grass Treatment 
 Over 170 days, the grasses accumulated significant amounts of metals in its 
biomass. The M1 grass roots and shoots accumulated significantly more arsenic, 
chromium, copper, iron, and lead compared to the campus grass, although the M1 grass 
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roots and shoots did not accumulate significantly different amounts than the DM1 grass 
roots and shoots. The campus and DM1 grass roots and shoots accumulated significantly 
a higher concentration of manganese than the M1 grass roots and shoots. This supports 
the trend seen in metal accumulation in the fern biomass. It was determined that the 
concentration of lead in the grass roots has a strong correlation to the concentration of 
lead in the soil (r = 0.967) and is negatively correlated to the soil pH (r = -0.608). 
 By Day 170, the accumulation of metals in the grass was clearly much higher in 
the roots, just as with the fern roots. This is consistent with previous findings. Both the 
ferns and grasses accumulated similar concentrations of metals in their biomass. The total 
concentrations of metals in the grass were not higher than the concentration of total 
recoverable metal in the soil for any of the metals, but the total concentrations of metals 
in the grass was higher than the concentrations of bioavailable metals in the soil, 
indicating that the grass is also hyperaccumulating metals from the bioavailable fraction 
of the soil. 
A common factor called an enrichment factor is used to show this trend through a 
ratio between plant metal concentration and soil concentration: 
Total Plant [Metal] / Soil [Metal] 
If the enrichment factor is greater than 1, the plant is hyperaccumulating the metal. In this 
study we used bioavailable metal concentrations because the fern and grass were 
interacting the most with this fraction of the soil over the 170 days. The following 
calculation was used to determine enrichment factors: 
(Root [Metal] + Shoot [Metal] / Soil Bioavailable [Metal] 
 The enrichment factors for each plant on Day 170 is displayed in the following table: 
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Table 18. Enrichment factors for plant fern uptake on Day 170 
Plant Al As Cr Cu Fe Mn Pb 
M1 Grass 151 ------- 5 2 13 39 4 
M1 Fern 203 ------- 19 4 19 53 5 
DM1 Grass 109 15 6 1.3 5 4 2 
DM1 Fern 240 54 13 4 12 7 5 
Campus Grass 162 ------- 13 3 8 4 0.4 
Campus Fern 312 3 12 14 11 5 1.03 
 ---- = Bioavailable or Plant metal concentration is below the detection limit 
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Both the fern and grass hyperaccumulated aluminum, chromium, copper, iron, and 
manganese in all soil treatments. The M1 grass and fern and campus grass did not 
hyperaccumulate arsenic. This is most likely due to the poor health of the mine site fern 
after 170 days of growth in acidic soil. The grass is a known to not tolerate high 
concentrations of arsenic, which is most likely why the M1 and campus grass did not 
hyperaccumulate arsenic (Datta et al. 2010). 
5.4 Significance and Further Research 
This research demonstrates the potential of the Pteris fern and Chrysopogon grass to 
accumulate a wide range of metals in the root and shoot biomass in harsh environmental 
conditions such as the acidity at Contrary Creek, which has not been fully demonstrated 
in previous work. Future research should include identification of factors that control 
mine drainage chemistry and mobility of metals through soil fractions to understand how 
metals become bioavailable. This work applies to the mining industry as it demonstrates a 
potential for remediation of mine drainage (Pope 2010). Future work on metal 
accumulation in the fern and grass should also include a field experiment, a larger sample 
size, and the addition of a liming agent to stabilize soil pH. This would allow for a more 
accurate representation of the potential of the fern and grass for phytoremediation. 
Experimental method changes may include weighing residue after filtering or using EPA 
Method 3052 instead of 3050 to determine total metal concentrations. 
6. Conclusion 
Soil is an integral and essential part of the environment and provides many ecosystem 
services which ecosystems, the biosphere, and human societies rely upon. Therefore, 
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remediating contaminated soil is essential for preservation of both natural resources and 
the health of local flora and fauna. Pteris cretica and Chrysopogon zizanioides could 
serve as potential phytoremediators of the metal pollution of Contrary Creek soil due to 
their ability to survive in very acidic conditions and accumulate significantly 
concentrations of metals from the soil. 
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